Indices defined by the ODS are three TIs and one MI. The TIs (soft tissue, bone-at-focus, and cranial) are estimates of the average temperature rise that will result from exposure of different anatomical sites to ultrasound energy. Also defined is an MI that calculates by very specific rules the maximum peak rarefactional pressure divided by the square root of frequency (p r /√f). This index allows some assessment of the likelihood that harm will result from mechanical activity (especially, some form of cavitation). All such estimates are highly dependent on various assumptions, including the assumption that the patient's soft tissues (up to the actual target tissue for TI) have a homogeneous, moderately low attenuation coefficient.
It is important to discuss this topic of nonlinear propagation effects because the achievable peak rarefactional pressure used in the calculation of MI tends to saturate in the measurement fluid (water) at the highest diagnostic outputs. For TI, the frequency content of the pulse and therefore the effective attenuation coefficient of the tissues change as the beam propagates nonlinearly into the tissues. When measurements are made in water and then derated at 0.3 dB cm -1 MHz -1 to estimate pressures in an idealized tissue, the acoustic pressures in the idealized tissue are often underestimated. Generation of harmonic frequencies can make the TI an underestimate or an overestimate. In addition, increased particle acceleration and other related phenomena are produced if a shock wavefront is produced. Implications of the latter effects are not well understood.
The paper by Carstensen and associates addresses the overall problems for TI and MI and refers to nonlinear computer modeling of an unfocused transducer. The depths at which p r /√f was maximum varied dramatically as a function of output, thus complicating any analysis. Nonlinear propagation made the estimated error in the ODS calculation (modified for a higher attenuation coefficient of the modeled tissue) underestimate p r by 20% at even a relatively low source intensity, while linear extrapolation from very low source intensities produced much smaller errors. Christopher, employing the same general computational approach, reported similar results at the meeting. However, more sophisticated calculations allowing for higher peak pressures were employed for his paper in this section and reversed his earlier conclusions. They indicate that, for the particular transducer studied, the ODS underestimates the best estimate of p r /√f by only 8%, whereas linear extrapolation from low source intensities overestimates by 29%. The accuracy and executability which might be achieved with these and other computational methods will probably be critical to precise estimates of p r /√f in vivo.
In Duck's paper, measurements from a commercial imager and linear array show that the method of linear extrapolation from measurements at low outputs produced a calculated p r /√f 1.6 times that of the ODS approach. It was assumed that the truth was in between the two and that a major part of the error was in the ODS calculation. Duck proceeds to explain significant work on how to perform the measurements at amplitudes that are low enough for nearly linear propagation but high enough to provide enough signal in the measuring hydrophone and to maximize ease of implementation on current scanners.
The simplest method of imitating ultrasound propagation in tissue is to perform measurements in a TM material. Szabo and colleagues and Macdonald and Madsen report on such measurements in, respectively, tofu and a TM liquid composed of water, evaporated milk, n-propanol, and a preservative. In the symposium, Averkiou suggested that the glycerin and water solutions he has worked with might be more stable than others, and Wu's Ivory Soap, gelatin, and propanol mixture was mentioned. Macdonald and Madsen report here that with a commercial system, the ODS methods underestimated the p r actually measured in the TM liquid by as much as 80% for long focal depths. Key points required were whether these or other TM liquid media can be standardized adequately and employed effectively for widespread use in the required output measurements. Szabo and colleagues consider a scheme of adjusting transducer voltage drive levels in water to match the p r to that in the attenuating material. They compare it with a consideration of components in the frequency spectrum.
The paper in this section by Egerton and coworkers (presented in the workshop by Barnett) and a separate workshop presentation by Thomenius extended the work of Christopher and Carstensen on temperature rise and the TI in unfocused fields and homogeneous tissue. Both employed the computational model developed by Christopher. Egerton and coworkers applied the model to focused fields and reported results of computed field intensities and related temperature rises measured in artificial, homogeneous tissue samples; source intensities were chosen to cover the entire range from closely linear through extremely nonlinear propagation. In his workshop presentation Thomenius estimated temperature distributions in homogeneous tissue and compared results for assumed linear propagation with those for nonlinear propagation. In an extension to plane layered media, he reported on the effect of a fat layer of known thickness on the pressure field and the consequent changes to the temperature distribution for circularly symmetric transducers.
Other presentations at the AIUM workshop addressed simpler other forms of nonlinear propagation calculations than those utilized by Christopher. Averkiou reported on calculations with the approximate KZK equation, which he extended to rectangular apertures. Good agreement was obtained with experiment. While the computational load for determining a broadband field from a rectangular aperture is still prohibitive for real-time calculation, a few hours per beam, that may not be the case in several years. Rielly presented his collaborative work with Baker, Duck, and Humphrey. They utilized the Bergen code, an implementation of the KZK wave equation, adapted for arbitrary frequency dependence of attenuation and for transmission at plane, normal tissue boundaries. Comparisons were made with experimental pressure field measurements in various TM media for a weakly focused 2.25 MHz transducer driven at typical diagnostic amplitudes.
Sandstrom presented verbally and in extensive handouts a wealth of information on characterizing and predicting currently utilized acoustic fields in water. He showed an analysis with a factor of 2 overestimate by linear extrapolation from low amplitudes and a factor of 2 underestimate of pressure amplitude by the current ODS method. Makin, with simulations based on the KZK equation, showed the effects of curved interfaces on transmission and reflection of high intensity ultrasound beams.
Finally, Shaw and Pay reported on temperature rises produced by nonlinear propagation in TM, thermal test objects constructed at the National Physical Laboratories, United Kingdom, to mimic "reasonable worst-case" conditions and used with 16 commercially available pulsed Doppler systems. Predictions and measurements agreed to within 20%.
Shaw proposed an "effective thermal frequency" as a local indicator of nonlinearity. Differences were expected, of course, and found, in fact, in comparisons of these measurements with predictions based on the "average" conditions that ODS models are intended to represent.
Initial conclusions and recommendations were proposed in advance of the symposium, revised somewhat during the day, and voted on in the evening. Consistent with the presentation by Szabo and Worth, efforts were made to create and evaluate the conclusions and recommendations based on criteria of being implementable, fitting into the regulatory environment, being understandable, and fulfilling a compelling need. Since there was little time to discuss changes in the conclusion and recommendation statements and to achieve a consensus on content and wording, the voting had less significance than it might otherwise have had. Particularly, some of the most negative votes and variability in numbers of votes were due to disagreement on wording and lack of understanding of statements being considered. Nevertheless, some sense of the opinions of the participants is given by the votes. Analysis of the votes was performed to determine net positive votes (i.e., number of votes to "agree" and "agree mostly" minus "disagree mostly" and "disagree"). They were also ranked in order of preference, with a "mostly" counting 50% as much as the full "agree" or "disagree."
Here, in Tables 1 and 2 , respectively, the conclusions and recommendations are grouped into various categories of topics. The ranking and net positive votes, net agreement of each of the statements, and the means of those measures are given for each category. Perhaps most important is the highest ranking achieved by any statement in a given category.
As might be expected, there was more disagreement on specific solutions than on the assertions that there is a problem worthy of action or further investigation and that there is a need in any case for improved transfer of information to the user's attention. While Christopher's current theoretical studies show less error from the current measurement methods than the errors presented at the meeting, the assessment that there can be significant errors was probably correct in light of the experimental evidence in TM liquids. The one specific solution (Recommendation Category 5) that received the most attention as well as the highest rating was extrapolation to maximum outputs from measurements made at lower amplitudes where the response is quasi-linear. It was often expressed that nonlinear calculations, when practical and needed,
